The frizzled ( fz) gene is required for the development of distally pointing hairs on the Drosophila wing. It has been suggested that fz is needed for the propagation of a signal along the proximal distal axis of the wing. The directional domineering non-autonomy of fz clones could be a consequence of a failure in the propagation of this signal. We have tested this hypothesis in two ways. In one set of experiments we used the domineering non-autonomy of fz and Vang Gogh (Vang) clones to assess the direction of planar polarity signaling in the wing. prickle (pk) mutations alter wing hair polarity in a cell autonomous way, so pk cannot be altering a global polarity signal. However, we found that pk mutations altered the direction of the domineering non-autonomy of fz and Vang clones, arguing that this domineering non-autonomy is not due to an alteration in a global signal. In a second series of experiments we ablated cells in the pupal wing. We found that a lack of cells that could be propagating a long-range signal did not alter hair polarity. We suggest that fz and Vang clones result in altered levels of a locally acting signal and the domineering non-autonomy results from wild-type cells responding to this abnormal signal. q
Introduction
The adult cuticle of Drosophila is decorated with polarized structures, such as hairs, bristles and ommatidia that share a common orientation (Adler, 1992; Shulman et al., 1998) . The development of this polarity pattern requires the function of the tissue polarity genes of the frizzled ( fz) pathway. This pathway contains several genes that function in many body regions as part of a general pathway for planar polarization. In the wing the fz pathway appears to control wing hair polarity via regulating the subcellular location for the initiation of the pupal prehairs that form the adult cuticular hairs (Wong and Adler, 1993) . In a wild-type wing, cells form a single prehair in the vicinity of the distal most vertex of the cell, and the prehair extends outward from the cell leading to an adult hair with distal polarity. In an fz mutant, prehairs are initiated either in a central part of the apical surface or at an alternative location along the cell periphery (i.e. not at the distal vertex). Prehairs formed at alternative locations extend away from the cell in abnormal directions leading to hairs with abnormal polarity. In the eye the activity of the fz pathway speci®es the R3/R4 cell fate decision, the resulting chirality of ommatidia and the direction of rotation of the differentiating ommatidia (Zheng et al., 1995; Strutt and Strutt, 1999) . During sensory bristle development the fz pathway is required for the proper orientation of the spindle during the ®rst differentiative division that leads to the development of the sense organ and in this way regulates bristle polarity (Gho and Schweisguth, 1998) .
The parallel alignment of the hairs produced by pupal wing cells requires cell-cell communication. Wild-type cells distal (and in part anterior and posterior) but not proximal to a fz clone produce hairs with abnormal polarity (Vinson and Adler, 1987) . We describe this domineering non-autonomy as being distal to indicate the spatial relationship between the clone and the cells whose polarity is affected. It was initially suggested that the distal domineering non-autonomy was due to a requirement for fz function in the proximal to distal propagation of a polarizing signal (Vinson and Adler, 1987) . More recently it has been suggested that the transmembrane receptor protein encoded by fz might function in the planar transport of a Wnt molecule and the domineering non-autonomy of fz clones due to a failure of Wnt transport across the clone (Cadigan and Nusse, 1997 ). An alternative explanation for the domineering non-autonomy of fz clones is that cells can sense and respond to the level of Fz activity of their neighbors (Adler et al., 1997) . This presumably involves a fz-dependent intercellular signal. This hypothesis is consistent with results that show that when a gradient of fz gene expression is engineered hairs point from cells of higher fz expression toward cells of lower expression (Adler et al., 1997) . It is also consistent with the observation that wild-type hairs whose polarity is affected by a fz clone point toward the clone, as if attracted' by the clone (Adler et al., 1997) . Interestingly, clones of a second tissue polarity gene, Van Gogh (Vang) (also known as strabismus) display a complementary domineering non-autonomy. Wild-type hairs proximal, but not distal to a Vang clones point away from the clone, as if repulsed' by the clone (Taylor et al., 1998) . A similar complementary relationship between fz and Vang is seen in the R3/R4 cell fate decision (Wolff and Rubin, 1998) .
It is note worthy that tissue polarity mutations do not cause a randomization of hair polarity on the wing. Rather, in a tissue polarity mutant the normal distal orientation of wing hairs is replaced by a complex mutant pattern (Gubb and Garcia-Bellido, 1982; Wong and Adler, 1993) . In some areas hairs have the normal distal polarity, although over most of the wing hair polarity is abnormal. There are regions where the hairs are randomly oriented, regions where they are found in swirls, and regions where hairs adopt a stereotypic abnormal polarity. Mutations in most tissue polarity genes (e.g. fz, disheveled (dsh), starry night (stan) (also known as¯amingo), Vang, inturned (in), fritz (frtz), fuzzy (fy) and multiple wing hairs (mwh)) share a similar, albeit not identical, mutant polarity pattern Taylor et al., 1998) . For example, in all of these mutants hairs in the most posterior regions of the wing (D and E cells) point toward the posterior edge rather than toward the distal tip. We call this the fz/in pattern and consider it diagnostic of a lack of fz pathway function. Mutations in two tissue polarity genes, prickle (pk) and dachsous (ds) result in two distinct and different mutant patterns (Gubb and GarciaBellido, 1982; Adler et al., 1998) . For example, wing hairs in the E cell in a pk wing tend to point anteriorly, and hence toward the middle of the wing as opposed to toward the edge as is seen in the fz/in pattern. The abnormal polarity pattern seen in ds wings is associated with a consistent alteration in the direction of the domineering non-autonomy of fz clones. Thus, in regions of a ds wing where hairs point proximally instead of distally, cells located proximal but not distal to a fz clone have their polarity altered by the clone .
In this paper we have analyzed the relationship of the unique abnormal wing hair polarity pattern of pk mutants to fz signaling. Previous experiments have shown that the function of the fz pathway genes was essential to generate the unique pk mutant pattern (e.g. in is epistatic to pk) (Gubb and Garcia-Bellido, 1982; Wong and Adler, 1993) . This raised the possibility that in a pk mutant the fz pathway was functioning in an anatomically abnormal way. To test this we induced fz mutant clones in a pk mutant wing. We found that the location of cells whose polarity was affected by fz clones was altered in pk. For example, in regions of pk wings where hairs pointed proximally the domineering non-autonomy of fz clones was now seen on the proximal rather than distal side of the clone. Thè attractive' nature of fz domineering non-autonomy was not altered however as the affected wild-type hairs pointed toward the clone. In addition, we found evidence for pk quantitatively enhancing fz domineering non-autonomy. An equivalent and complementary alteration in the anatomical direction and strength of Vang domineering non-autonomy was also seen in pk mutant wings. We concluded that the anatomical direction of tissue polarity signaling was altered in pk mutant wings and that this was likely to be the cause of the wing hair polarity phenotype. The data further suggest that the domineering non-autonomy of fz is due to a defect in a local signaling process and not in the propagation of a signal down the proximal/ distal axis of the wing.
As a further test of the hypothesis that fz functioned in the transmission of a long range signal we ablated wing cells at the beginning and in the middle of the fz temperature sensitive period . The ablation resulted in holes in pupal and adult wings. We found a lack of cells had little affect on the polarity of neighboring cells. Thus, a lack of cells was not equivalent to the presence of cells lacking fz activity as might be predicted if fz function was required for the propagation of a signal along the proximaldistal axis of the wing.
Results

pk is a largely cell autonomously acting gene and does not alter a global signal
To determine if pk mutations acted cell autonomously or non-autonomously we examined the behavior of pk clones. We generated three types of clones using two different pk alleles: pk 1 pawn (pwn)/pk 1 pwn, pk 1 pwn kojak (koj)/pk 1 pwn koj and pk spiny leg 13 (sple) koj/pk sple 13 koj (pk and sple are part of the same complex gene) . For all three genotypes approximately 85% of the clones acted cell autonomously, but about 15% displayed a clear domineering non-autonomy. This is consistent with results reported by Gubb and colleagues (Gubb and Garcia-Bellido, 1982; Gubb et al., 1999) , although in our experiments the domineering non-autonomy was not restricted to large or early-induced pk clones. It was of particular interest that hairs inside of cell autonomous pk 1 pwn clones typically showed the same abnormal polarity as cells in equivalent positions in entirely mutant pk 1 wings (Fig. 1A,B ). Gubb and colleagues also noted this result. . This argues that the wing hair phenotype of a pk mutant is due to an effect on a local process and not to an effect on a global polarity signal.
2.2. The direction of fz-dependent polarity signaling is altered in pk 1 and pk
D
To determine if the direction of fz domineering nonautonomy was altered by pk mutations we generated fz R52 starburst (strb) clones in a pk 1 wing. fz R52 is a nonsense mutation that is a phenotypic null allele for wing tissue polarity. It makes a small amount of a truncated protein (Jones et al., 1996) . In a pk wing some regions of the wing have relatively normal distal polarity, some regions have reproducible abnormal polarity, while others have variable polarity, dramatic swirling patterns, or random polarity ( Fig. 2) (Gubb and Garcia-Bellido, 1982; Wong and Adler, 1993; Gubb et al., 1999) . We could assess the effects of fz clones in the ®rst two types of regions, but ignored those clones where the surrounding polarity pattern could not be predicted with con®dence. We scored 28 fz R52 strb clones in regions of pk 1 wings with normal distal polarity and all but one showed the typical distal and attractive domineering non-autonomy that fz clones show in a wildtype wing. We scored 19 fz R52 strb clones in regions of pk 1 wings with reproducible abnormal polarity and 18 showed domineering non-autonomy where the direction of the nonautonomy was no longer distal. For these clones the domineering non-autonomy was in the same direction as local hair polarity. For example, in regions of pk wings where hairs pointed anteriorly the domineering non-autonomy was also anterior (i.e. hairs located anterior but not posterior to a fz clone had their polarity affected by the clone) (Fig.  3B,C) . The affected hairs pointed toward the clone as is the case when fz clones are induced in a wild-type wing. Finding that fz clones in pk wings still had a high frequency of domineering non-autonomy indicated that pk was not essential for cells to sense the lack of fz function in neighbors. That the anatomical direction of the domineering nonautonomy was altered argued that pk, like ds produced its unique polarity phenotype by changing the anatomical direction of fz-dependent signaling . That mutations in both of the known genes that result in non-fz/in mutant polarity patterns alter the anatomical direction of fz-dependent signaling suggests this may be a general rule.
In a pk 1 wing only a small region had reproducible enough abnormal polarity to allow us to assess the effects of fz clones. For additional experiments we switched to a new antimorphic dominant pk allele (pk D ). In pk D homozygotes hairs point proximally over much of the wing (Figs. 2 and 4). The dramatic and consistent phenotype of pk D greatly facilitated our experiments allowing us to assay most of the wing for the effects of fz and Vang clones. More details about this allele are presented in Section 4.
We generated both fz R52 strb clones and multiple wing hairs (mwh) fz R52 clones in pk D homozygous wings. We initially analyzed clones in regions where wing hair polarity was reproducibly proximal. We found 82 fz clones in these regions and 78 of these showed proximal domineering nonautonomy. That is cells proximal (and in part anterior and posterior), but not distal to the clone showed abnormal polarity ( Fig. 4A,C) . Thus, once again the direction of the domineering non-autonomy (i.e. proximal or distal) was the same as local hair polarity (i.e. proximal or distal). As we saw for fz clones in wild-type, ds, and pk 1 wings the affected neighboring hairs pointed toward the clone. Thus, the anatomical orientation, but not the local behavior appeared altered. We also examined fz clones in regions of the pk wings where the polarity was abnormal, but not proximal. We scored 30 such clones and for all the location of the domineering non-autonomy was coincident with the local direction of hair polarity. Similar results were obtained in less extensive experiments with the fz R54 allele. We concluded that the direction of fz signaling was altered in both pk 1 and pk D wings in a way that suggested it was the cause of the mutant hair polarity pattern.
As noted earlier, Vang clones show a complementary domineering non-autonomy to fz clones (Taylor et al., 1998) . Neighboring cells located proximal instead of distal to Vang clones have their polarity altered. Further, the affected wild-type hairs point away from Vang clones as if repulsed. To see if the anatomical direction of Vang domineering non-autonomy was also altered in pk mutants we generated pk D Vang A3 koj clones in a pk D Vang A3 koj/pk D 1 wing. We scored 32 such clones in regions with proximal polarity and all showed distal domineering non-autonomy (Fig. 4E) . Thus, in a pk D wing, as in a wild-type wing the direction of Vang domineering non-autonomy was opposite to the direction of local hair polarity. Further, as in a wildtype wing, affected hairs pointed away from the clone. We concluded that the anatomical direction of Vang-dependent signaling was altered in pk mutants.
pk D enhances the domineering non-autonomy of fz clones
The domineering non-autonomy of the fz clones in pk D and pk 1 wings appeared noticeably stronger on average than we had seen in wild-type wings, even though there was substantial clone to clone variation in both genotypes. To assess the relative strength of the domineering non-autonomy we used a parameter we call the non-autonomy index (NAI). This was de®ned as the ratio of the area of surrounding cells whose polarity was affected by the clone to the area of the clone. In control experiments we found no signi®cant differences in the NAIs of clones of four different fz alleles ( fz R52 , fz R54, fz HELL and fz P21 ), or in fz clones marked by three different cuticular markers (mwh, strb and trc). The median NAIs ranged from 0.56 to 0.82 (Table 1) . In contrast, when we examined marked fz R52 and fz R54 clones in pk D wings we found signi®cantly higher NAIs (P , 0:05). The median NAIs ranged from 1.24 to 1.70. We also found that pk D enhanced the very weak domineering non-autonomy of clones mutant for the`cell autonomous' fz allele fz F31 (Table 1) (Vinson and Adler, 1987; Jones et al., 1996 ). Although we have described such alleles as being cell autonomous it might be better to describe them as having very weak domineering non-autonomy as clones of such alleles show a low frequency of domineering non-autonomy.
We also compared the extent of domineering non-autonomy of Vang clones in wild-type and pk D wings and found that the extent was greater in wild-type than pk D wings (NAI 0.72 vs. 0.38, P , 0:001). Thus, pk D partly suppressed the domineering non-autonomy of Vang.We concluded that the effects of pk D on domineering non-autonomy were gene and/or anatomical direction speci®c.
Tissue polarity does not depend on a long-range signal in the pupal wing
Temperature shift experiments with a cold sensitive fz allele (as well as gain of function experiments) indicated that the essential time for fz function in wing tissue polarity starts shortly after pupation and ends a couple of hours prior to the ®rst sign of prehair formation (prehairs were ®rst seen approximately 34±36 h after white prepupae formation in R52 strb clone in a pk 1 wing. This same region of a pk 1 wing is shown in (C) for comparison. Note the domineering non-autonomy of the fz clone is now largely anterior but still attractive and coincident with local hair polarity. these experiments) P.N. Adler, unpublished data) . We reasoned that if there was a need for fz 1 cells for the propagation of a polarity signal along the proximal distal axis of the wing than the removed of cells should have similar effects to a clone of fz -cells. To test this we ablated cells at various times (8±22 h prior to prehair initiation) during the fz temperature sensitive period. Wound healing often resulted in a permanent hole in the pupal and adult wings (Fig. 5G) . We recovered and analyzed more than 100 wings bearing holes (Fig. 5) . In most cases there was no evidence for fz clone-like domineering affects on the polarity of surrounding cells. Thus, we concluded that during this time period there is no long-range polarity signal that requires active cell participation for its transmission. There were often minor polarity disruptions seen on these wings (e.g. Fig. 5E ), that appeared to be associated with regions of the wing that were distorted due to wing healing but rarely were there pronounced effects. The polarity disruptions seen were in fact less prominent than the alterations we saw when wound healing did not result in the creation of a hole.
These experiments did not rule out the possibility that there are redundant global signals, one of which moved distally and the other of which moved proximally. To test this hypothesis we ablated cells in two regions along the proximal distal axis of the wing. Unfortunately, few animals treated in this way eclosed and had expanded wings that we could score for hair polarity. Those that did showed no evidence of gross polarity disruptions in regions between the two holes arguing against a pair of redundant global signals. As a ®nal experiment of this sort we ablated cells in pupal wings that contained fz R52 strb clones induced during the second and early third larval instar. We saw no effect of the holes on the distal domineering non-autonomy of fz clones.
Additional biases in the domineering non-autonomy of fz clones
While quantitatively scoring control fz clones in wildtype wings we uncovered two additional biases in the behavior of fz clones that we had not appreciated previously.
One was that the domineering non-autonomy was not symmetrical. For most clones wild-type cells anterior and posterior to the clone were not equally affected. In the more anterior parts of the wing (A and B cells) there was a bias for the polarity wild-type hairs on the posterior side of the clone to be most affected (Table 2) . Similarly in the posteriormost parts of the wing (D and E cells) there was a bias for the polarity of wild-type hairs on the anterior side of the clone to be most affected. Thus, in both cases cells medial to the clone were more likely to be affected. In the central C cell no strong bias was seen. A similar bias was also seen in our analysis of Vang clones (Table 2) . These data suggest a signal that is oriented along anterior/posterior or medialperipheral axis of the wing. We also found hints for such a signal in our examination of pk D double mutants. Double mutants of pk D with fz or dsh gave intermediate phenotypes that appeared in part to be a summation of the single mutant phenotypes (this is similar to what is seen with recessive pk alleles). In some wing regions pk D ; fz double mutants had a particularly interesting intermediate phenotype. For example, in the C cell fz and pk D mutant wings showed a near mirror-image polarity pattern along both the proximal/distal and anterior/posterior axes. The double mutant showed the fz pattern with respect to the proximal/distal axis and the pk D pattern with respect to the anterior/posterior axis (Fig. 6 ).
These observations suggested the possibility that there were orthogonal polarizing systems functioning in the wing. In the eye there is evidence for orthogonal patterning systems regulating ommatidial polarity (Wehrli and Tomlinson, 1998; Reifegerste et al., 1997) . Genes such as dpp, which encodes a diffusible signaling molecule and is expressed along the anterior/posterior compartment boundary (Raftery et al., 1991) , are potential candidates for being a component of such a signal although no evidence for dpp pathway mutations having an affect on wing planar polarity has been reported.
We also found that there was a bias for fz clones located peripherally to have weaker than average domineering nonautonomy (as measured by the NAI). We also found a similar bias for clones located very proximally/centrally to display higher than average domineering non-autonomy (Fig. 2) . These differences were statistically signi®cantly different from each other and from the domineering nonautonomy displayed by clones over the remaining part of the wing. We were unable to assess if pk had an effect on this bias, as the polarity pattern in pk D was not suf®ciently reproducible and abnormal in the distal-peripheral and proximalcentral regions of the wing. We did not see an equivalent difference in the strength of Vang domineering non-autonomy. Thus, this is the one case where we have not obtained complementary results from fz and Vang clones.
Discussion
Domineering non-autonomy of fz
The directional domineering non-autonomy of fz clones in the wing was originally suggested to be due to a failure in the proximal to distal propagation or transmission of a polarity signal (Vinson and Adler, 1987) . This model predicted a special population of cells that served as a source (or origin) of the signal. If this model was correct how could mutations in pk and ds result in an altered direction of fz domineering non-autonomy? An obvious possibility is that these mutations could change the fate of some cells so that an ectopic source of signal was produced. This hypothesis is inconsistent with the cell autonomy/nonautonomy of pk clones. Consider the possibility that pk produced a tissue polarity phenotype by causing the formation of an ectopic source of signal at a new location in the wing. If a pk clone was located in such a region than the clone would be predicted to show domineering non-autonomy. This was infrequent in pk clones, but was not restricted to clones in one or a few regions of the wing. If a pk clone was located elsewhere we would expect it to have no consequences for polarity. However, we observed that cells inside of all pk clones showed altered hair polarity.
The source and directional transmission model also fails to explain the results of previous temperature shift experiments with a cold-sensitive fz allele . If fz function was required for the propagation of a signal along the proximal distal axis of the wing we predict that a temperature shift from the permissive to the restrictive temperature during the middle of the temperature sensitive period would result in a wing with a permissive phenotype proximally and a restrictive phenotype distally. This was not what was seen. Instead we found an intermediate phenotype in all regions of the wing. This result argues that fz functions in all regions of the wing at the same time and is not consistent with fz functioning in the propagation of a signal down the wing.
The complementary nature of the domineering nonautonomy of fz and Vang clones is striking. It is true for the anatomical direction of the non-autonomy (i.e. distal vs. proximal), the relationship of the domineering non-autonomy to the clone (i.e. affected wild-type hairs pointing toward or away form the clone) (Taylor et al., 1998) , and for the interactions with pk mutations. We suggest that the domineering non-autonomy of fz clones is a consequence of a failure of the clone cells to send a locally acting polarity signal. The domineering non-autonomy of Vang clones could be due to the Vang clone sending excess signal (models that reverse this arrangement are also possible).
A model for tissue polarity signaling in the wing
Early models to explain planar polarity in the insect epidermis suggested it could be a re¯ection of the vector of a concentration gradient (Lawrence, 1966; Stumpf, 1966) and this idea has remained popular (Zheng et al., 1995; Adler et al., 1997; Tomlinson and Struhl, 1999) . We suggest that a distal/proximal gradient of fz activity is produced in the early prepupal wing (or wing disc). One way this could be achieved is by a gradient of a Wnt (or other type of ligand) resulting in a gradient of ligand bound Fz (Bhanot et al., 1996) . Later in development cells would produce a locally acting second signal in amounts proportional to Fz activity. We refer to this hypothetical signal as Z and suggest that ligand bound Fz activates more Z production than unbound Fz (Fig. 7) . In this way a gradient of Fz activity would be translated into a gradient of Z. Cells would respond by initiating prehair morphogenesis on the side of the cell where Z level was lowest. This would result in hair polarity being oriented in the same direction as the vector of the Z concentration gradient. This is consistent Fig. 7 . A model for wing tissue polarity. A gradient of Fz activity along the proximal distal axis results in a similar gradient of the hypothesized signal Z and cells assess the relative level of Z and use this information to specify the subcellular location for prehair initiation (and hence polarity). The gradient of Fz activity is proposed to be generated by there being a uniform concentration of Fz protein and a gradient in the fraction that has bound ligand. Ligand binding is proposed to increase the activity of Fz (although Fz is suggested to have some activity even in the absence of ligand). The pk D mutation is hypothesized to result in an altered relationship between the ligand bound state of Fz and Z production so that a reversed gradient of Z is produced. Clones of fz cells result in a local de®cit of Z, which alters the polarity of the surrounding cells in an`attractive' way. Clones of Vang cells result in an excess of Z, which alters the polarity of the surrounding cells in a`repulsive' way.
with previous results showing that a directed gradient of fz expression results in cells with higher Fz levels producing hairs that point toward cells of lower levels (Adler et al., 1997) . The absence of fz activity in clone cells would result in no Z being produced by the clone and a local decrease in Z levels that would cause surrounding cells to produce hairs that pointed toward the clone as is observed. Such a model can effectively incorporate the affects of pk and ds mutations on the direction of fz domineering non-autonomy. Mutations in these genes could alter the relationship between the ligand bound state of fz and Z production. For example, in a pk D wing unbound Fz receptor could act as a super-activator of Z production. This would lead to a reversed gradient of Z and to the reversal of both polarity and the direction of fz domineering non-autonomy (Fig. 7) . This model can also explain the observation that cells inside of a pk clone display the same polarity as do cells in a similar position in an entirely pk wing, as the alternative polarity caused by pk mutations would be due to abnormal amounts of Z. Such a model can also explain some of the results seen with Vang (Taylor et al., 1998) . The domineering non-autonomy of Vang could be due to Vang cells being constitutive for the production of high levels of Z. This would lead to locally elevated Z levels and cells surrounding Vang clones producing hairs that pointed away from the clone, as is observed.
The model can also explain the ability of pk D to enhance the extent of fz domineering non-autonomy and suppress the extent of Vang domineering non-autonomy. In the model the level of Z will be higher in all regions of a pk D wing as now both bound and unbound Fz receptor will be strongly activating the production of Z (Fig. 7) . Thus, when a clone of cells lacking functional Fz protein is produced the difference between the amount of Z produced by the clone cells and their neighbors will be increased over that seen in an otherwise wild-type wing. The ability of pk D to inhibit the extent of domineering non-autonomy of Vang clones can be explained by the reduced difference in the level of Z produced by the clone and neighboring cells.
At ®rst glance the model cannot explain the suppression of Vang domineering non-autonomy in a fz mutant background (Taylor et al., 1998) as the clone should produce high levels of Z in a background where there is little or no Z produced. One possibility is that in the absence of functional Fz no Z can be produced. A second possibility is that fz has multiple functions in wing tissue polarity (there is experimental evidence for this (Taylor et al., 1998; Vinson and Adler, 1987; Chae et al., 1999) ) and that an additional function is what suppresses the domineering non-autonomy of Vang (see below).
The model can also explain the relatively weak and poorly penetrant domineering non-autonomy of pk clones. The cells in such clones would produce aberrant amounts of Z, however the difference between the normal and mutant levels would be less than is seen in a fz mutant clone (that produced no Z) or in a Vang mutant clone (that produced constitutive high levels of Z). Thus, it is reasonable that pk (and ds ) clones would show weak domineering non-autonomy.
The results of the cell ablation experiments are also consistent with the model. After surgery wound healing took place in the pupal wing. To form a permanent hole it was necessary for the healing to juxtapose neighboring dorsal and ventral wing cells. In those cases the juxtaposed cells were of similar position along the proximal/distal axis and would be expected to be producing similar levels of Z. Thus we would not expect polarity disruptions equivalent to a clone of fz cells that juxtaposed cells that produced normal levels of Z with cells that produced none.
The model also predicts that the domineering non-autonomy of fz clones should be greater in proximal regions and weaker in the most distal regions of the wing. We found some evidence for this sort of variation, although over a large middle region of the wing we did not see any signi®-cant difference in the strength of domineering non-autonomy. Perhaps the hypothesized gradient of Z is shallow in this region of the wing or our assay is not sensitive enough. The model also predicts that the domineering non-autonomy of Vang clones should be greater in distal and weaker in proximal regions, but we did not see this.
The nature of the hypothesized factor Z and its receptor are unknown. The function of the genes that encode these factors should be required for cells to sense differences in fz activity. An attractive candidate for the receptor is fz itself as previous experiments have indicated that fz has both cell non-autonomous and cell-autonomous functions in the development of wing tissue polarity (Vinson and Adler, 1987) . Two roles for fz are also suggested by experiments that found both Vang (Taylor et al., 1998) and starry night/ amingo (Chae et al., 1999) to be required for some, but not all fz functions. This could be explained by fz functioning both upstream and downstream of Vang and starry night. Alternative candidates for factor Z and its receptor are Delta and Notch. These genes have been shown to be downstream of fz in the eye and to interact with dsh during wing development (Cooper and Bray, 1999; Fanto and Mlodzik, 1999; Axelrod et al., 1996) . An interesting feature of the model is that the fz-dependent production of factor Z should be dsh independent as dsh is cell autonomously acting (Klingensmith et al., 1994; Theisen et al., 1996) .
It is worth noting that models suggested to explain the development of ommatidial polarity also rely on two sets of gradients along the polar/equator axis (Reifegerste et al., 1997; Wehrli and Tomlinson, 1998; Tomlinson and Struhl, 1999) . Indeed, there are substantial similarities between the models. One difference is that in contrast to our model for the wing, in the eye fz is suggested to be essential only in the read out of the secondary gradient.
pk D : a useful new pk allele
The pk D allele described in this paper was useful in several types of experiments. The relatively consistent and simple mutant polarity pattern in pk D /pk D wings made the analysis of the behavior of fz and Vang clones in a mutant background far simpler to analyze than would be the case for equivalent experiments using a typical recessive pk allele such as pk 1 . The moderate dominant phenotype associated with pk D /1 wings has also proved to be a sensitive background to look for genetic interactions. Either gain or loss of fz function results in dramatic enhancement of this phenotype (P.N. Adler, unpublished data). Hence, it seems likely that this allele could serve effectively in a screen for mutations that alter fz or pk activity.
Experimental procedures
Fly culture and strains
Flies were grown on standard media. Many mutant and De®ciency containing stocks were obtained from the stock center at Indiana University. David Gubb generously provided several valuable pk and pawn (pwn) mutant chromosomes. The antimorphic pk allele (pk D ) was isolated in this laboratory. In¯ies homozygous for pk D hairs point proximally over much of the wing. In a wild-type wing the distal-pointing hairs are derived from prehairs that form in the vicinity of the distal most vertex and extend distally. The proximally pointing hairs in pk D wings formed in the vicinity of the proximal most vertex and extended proximally. In a wild-type wing prehair initiation is seen ®rst in distal cells and then spreads proximally in a patchy manner. This temporal pattern was retained in pk D wings. As was seen previously for typical recessive alleles such as pk 1 , double mutants of pk D and loss of function alleles of in and mwh had in and mwh phenotypes, respectively. Double mutants of pk D with fz or dsh gave intermediate phenotypes that appeared in part to be a summation of the single mutant phenotypes. Thus, in its interaction with other tissue polarity mutants, pk D behaved similarly to recessive pk alleles (Gubb and Garcia-Bellido, 1982; Wong and Adler, 1993) .
Cytological procedures
The process of hair morphogenesis was studied by confocal microscopy and phalloidin staining as described previously (Wong and Adler, 1993) .
Generation of genetic mosaics
Mosaic clones were generated either by gamma irradiation or by using the FLP/FRT system. Most of the scored clones were induced 3±4 days after egg laying, although both earlier and later induced clones were generated and examined. We used two different cell markers for pk clones. Mutations in kojak (koj) (recovered in our FLP/FRT screen) result in cells forming either no hairs or only short, split hairs (Taylor et al., 1998) . In other experiments we used pawn (pwn), which results in short, ®ne hairs and short bristles (Garcia-Bellido and Dapena, 1974) . It has the advantage that hair polarity can usually be scored within the clone. In the experiments where we generated fz mutant clones in a pk mutant background we used as cell markers mwh, tricorner (trc) or starburst (strb) (Park et al., 1996) . In the experiments where we generated Vang mutant clones we used koj as a cuticular marker. It is worth noting that all of the clones we scored in these experiments were restricted to either the dorsal or ventral surface of the wing and that a clone on one surface does not in¯uence the polarity of any cells on the other surface (Gubb and Garcia-Bellido, 1982) .
Surgical procedures
Pupal wing cells were ablated in a number of ways with similar results. In a majority of experiments we used a sharp tungsten needle to poke a hole in the pupal wing. Pupae were positioned in on piece of double stick tape so that the pupal wing was visible and accessible. The hole was often made through both the pupal case and the pupal wing cuticle. In some experiments a window was cut in the pupal case prior to making the hole in the wing. In many experiments we moved the tungsten needle in the wing so as to increase the size of the hole. Examination of pupal wings shortly after ablation showed ragged holes that healed over a few hours (2±6 h). When the wound healing was between the dorsal and ventral cell layers holes in the wing were generated.
Scoring of mutant wings
Wings were mounted in Euparal (Asco Labs) and examined under bright ®eld microscopy using approaches described previously Krasnow and Adler, 1994; Vinson and Adler, 1987) . In previous experiments we have only scored clones as showing domineering non-autonomy if wild-type cells not juxtaposed to the clone boundary had their polarity altered. We continue this practice; however, in some experiments reported in this paper we counted the number of wild-type cells whose polarity was affected by a fz clone as a means of quantifying the domineering non-autonomy. Some clones that we characterize as acting cell autonomously (by the criterion described above) did alter the polarity of a small number cells that were juxtaposed to the clone. Such cells were counted in the experiments where we quanti®ed the extent of domineering non-autonomy. In experiments where we measured clone size and the extent of domineering non-autonomy of Vang clones we measured the area using NIH Image instead of counting the number of cells.
Biochemical procedures
Western blot analysis of the Fz protein was carried out as described previously (Park et al., 1994) . The experiments showed no alteration in the size or abundance of the wildtype fz protein (or of several mutant Fz proteins) in pk D larvae or pupae consistent with pk not regulating fz expression.
Statistical analysis
The Sigma Stat program (Jandel) was used for comparing different genotypes for the strength of domineering nonautonomy. A non-parametric rank sum test was used.
